The Abraham general solvation model is used to calculate the numerical values of the solute descriptors for benzil from experimental solubilities in organic solvents. The mathematical correlations take the form
where C S and C W refer to the solute solubility in the organic solvent and water, respectively, C G is a gas-phase concentration, R 2 is the solute excess molar refraction, V x is the McGowan volume of the solute, fi H 2 and fl H 2 are measures of the solute hydrogenbond acidity and basicity, … H 2 denotes the solute dipolarity/polarizability descriptor, and L [16] is the solute gas-phase dimensionless Ostwald partition coefficient into hexadecane at 25 • C. The remaining symbols in the above expressions are known solvent coefficients, which have been determined previously for a large number of gas/solvent and water/solvent systems. We estimate R 2 as 14.45 cm 3 -mol −1 and calculate V x as 163.74 cm 3 -mol −1 , and then solve a total of 51 equations to yield … H 2 = 1.59, fl H 2 = 0.620 and log L [16] = 7.6112. These descriptors reproduce the 51 observed log(C S /C W ) and log(C S /C G ) values with a standard deviation of only 0.115 log units.
INTRODUCTION
The Gibbs free energy of solvation is an important thermodynamic variable that quantifies the Gibbs energy difference between a molecule in the gas phase and the molecule dissolved in a solvent. Free energies of solvation provide valuable information regarding molecular interactions between dissolved solute and surrounding solvent molecules and can be used to calculate numerical values of partition coefficients that describe the equilibrium distribution of a solute between two immiscible liquid phases. For example, the octanol/water partition coefficient is obtained from free energy of solvation of the solute molecule in wet 1-octanol minus its free energy of solvation in water. Solvation-free energies and partition coefficients are of critical importance in many pharmaceutical, environmental, and chemical engineering applications. Solute partitioning between two immiscible phases is the basis for all chromatographic separations.
Historically, many of the very early studies focused exclusively on developing correlational equations based upon octanol/water partition coefficients. As additional experimental data became available, researchers expanded their studies to include more organic solvents, as well as aqueous micellar solvent media. In this regard, Abraham and co-workers (1) (2) (3) (4) (5) (6) (7) (8) developed expressions for describing the partition of solutes between water and an organic solvent and between the gas phase and a given solvent. To date, mathematical expressions have been deduced for approximately 40 dry solvents. The derived mathematical expressions allow one to predict the partitioning and solubility behavior of organic and organometallic solutes, provided that one knows the numerical values of the various solute descriptors.
Earlier papers (9) (10) (11) (12) developed the computational methodology for determining solute descriptors from measured solubility data for crystalline nonelectrolyte solutes dissolved in organic solvents for which the equation coefficients were known. In the present communication, we extend our earlier studies to include benzil. Experimental solubilities have been measured for benzil dissolved in 19 different organic solvents of varying polarity and hydrogen-bonding characteristics. Results of these measurements, combined with published solubility literature data (13) (14) (15) and unpublished chromatographic data, are used to calculate numerical values of the solute descriptors for benzil. Once the solute descriptors are determined, the remaining benzil solubility data can be used to develop even more gas/liquid and water/organic solvent partition correlations based upon the Abraham general solvation model. For example, measured benzil solubilities in diethyl ether, dimethyl sulfoxide, 2,2,2-trifluoroethanol, and 2-methyl-2-propanol are currently being used to develop correlation equations for these four solvents. The derived correlation equations will be published in a subsequent paper.
Development of a single correlation equation requires experimental data for at least 50 or so different solutes. It is important that the data set contain solutes that span as wide a range of solute descriptors as possible. In the case of volatile solutes, partition coefficients can be measured directly as the solute gas-liquid chromatographic retention volumes on the given organic solvent stationary phase, or can be calculated from infinite-dilution activity coefficients. This latter information is available in the published literature in the form of binary liquid-vapor equilibrium data. Solubility measurements provide a very convenient means for including nonvolatile solutes in the regressional analysis. Here, the partition coefficient is calculated as the ratio of the solute molar solubility in the organic solvent under consideration and water (or saturated vapor concentration in the case of the gas/liquid partition).
MATERIALS AND METHODS
Benzil (Aldrich, 97%) was recrystallized three times from anhydrous methanol before use. n-Decane (TCI, 99+%), n-hexadecane (Aldrich, 99%), 2-methyl-1-pentanol (Aldrich, 99%), 1-decanol (Alfa Aesar, 99+%), 2-methyl-2-propanol (Arco Chemical Company, 99+%), 3,7-dimethyl-1-octanol (Aldrich, 99%), methyl acetate (Aldrich, 99.5%, anhydrous), chlorobenzene (Aldrich, 99.8%, anhydrous), 1-butanenitrile (Aldrich, 99+%), 1-propanenitrile (Aldrich, 99%), 2-propanone (Aldrich, 99.9+%, HPLC), 2-butanone (Aldrich, 99.5+%, HPLC), propylene carbonate (Aldrich, 99.7%, anhydrous), 2,2,2-trifluoroethanol (Aldrich, 99+%), diethyl ether (Aldrich, 99+%, anhydrous), diisopropyl ether (Aldrich, 99%, anhydrous), cyclohexanone (Aldrich, 99.8%), dimethyl sulfoxide (Aldrich, 99.8%, anhydrous) and acetonitrile (Aldrich, 99.8%, anhydrous) were stored over molecular sieves and distilled shortly before use. Gas chromatographic analysis showed solvent purities to be 99.7 mole % or better.
Excess solute and solvent were placed in amber glass bottles and allowed to equilibrate in a constant temperature water bath at 25.0 ± 0.1 • C for at least 3 days (often longer) with periodic agitation. After equilibration, the samples stood unagitated for 1 day in the constant-temperature bath to allow any finely dispersed solid particles to settle. Attainment of equilibrium was verified both by repetitive measurements after several additional days and by approaching equilibrium from supersaturation by pre-equilibrating the solutions at a higher temperature. Aliquots of saturated benzil solutions were transferred through a coarse filter into a tared volumetric flask to determine the amount of sample and then diluted quantitatively with 2-propanol for spectrophotometric analysis at 390 nm on a Bausch and Lomb Spectronic 2000 instrument. Concentrations of the dilute solutions were determined from a Beer-Lambert law absorbance vs. concentration working curve for nine standard solutions. The concentration of benzil in the standard solutions varied from 4.30 × 10 −3 M to 2.15 × 10 −2 M. The calculated molar absorptivity of ε ≈ 65.8 L-mol −1 -cm −1 was constant over the concentration range studied. Experimental molar concentrations were converted to solubility mass fractions by multiplying by the molar mass of benzil, volume(s) of volumetric flask(s) used and any dilutions required to place the measured absorbances on the Beer-Lambert law absorbance vs. concentration working curve, and then dividing by the mass of the saturated solution analyzed. Mole fraction solubilities were computed from solubility mass fractions using the molar masses of the solute and solvent. Experimental benzil mole-fraction solubilities X sat s in the 19 organic solvents studied are listed in Table I . Numerical values represent the average of between four and eight independent determinations. Reproducibility ranged from ±1.5% for solvents with lower solute solubilities to ±2.5% for solvents having the larger solute solubilities, where an extra dilution was necessary to keep the measured absorbances within the Beer-Lambert law region.
RESULTS AND DISCUSSION
The Abraham general solvation model is based upon two particular linear free-energy relationships for describing the partition of solutes between water and a given solvent (1) (2) (3) (4) (5) (6) (7) (8) 
and between the gas phase and a given solvent (16) log
The dependent variables in Eqs. (1, 2) are log P (the logarithm of the partition coefficient of solute between water and a given solvent) and log L (logarithm of the Ostwald solubility coefficient). The independent variables are the solute descriptors as follows: R 2 and V x denote the excess molar refraction and McGowan volume of the solute, respectively, fi H 2 and fl H 2 are measures of the solute hydrogen-bond acidity and basicity, … H 2 denotes the solute dipolarity/polarizability descriptor, and L [16] is the solute gas-phase dimensionless Ostwald partition coefficient into hexadecane at 25 • C. The Ostwald partition coefficient L is the inverse of the Henry's law constant (Pa-m 3 -mole −1 ). It should be noted that the various coefficients c, r , s, a, b, v, and l depend on the solvent phase under consideration. The coefficient r gives the tendency of the phase to interact with solutes through polarizability-type interactions, mostly via electron pairs. The coefficient s is a measure of the solvent phase dipolarity/polarity, while the a and b coefficients represent the solvent phase hydrogen-bond basicity and acidity, respectively. Coefficients l and v are combination of the work needed to create a solvent cavity in which the solute will reside, and the general dispersion interaction energy between the solute and solvent phase. In the case of partition coefficients, where two solvent phases are involved, coefficients the c, r , s, a, b, v, and l represent differences in the solvent phase properties.
Equation (1) actually predicts partition coefficients, and for selected solvents both "dry" and "wet" equation coefficients have been reported. For solvents that are partially miscible with water, such as 1-butanol and ethyl acetate, partition coefficients calculated as the ratio of the molar solute solubilities in the organic solvent and water are not the same as those obtained from direct partition between water (saturated with the organic solvent) and organic solvent (saturated with water). Care must be taken not to confuse the two sets of partitions. In the case of solvents that are fully miscible with water, such as methanol, no confusion is possible. Only one set of equation coefficients have been reported, and the calculated log P value must refer to the hypothetical partition between the two pure solvents. For solvents that are "almost" completely immiscible with water, such as alkanes, cyclohexane, dichloromethane, trichloromethane, tetrachloromethane, and most aromatic solvents, there should be no confusion because indirect partition [see Eq. (3)] will be nearly identical to direct partition.
The determination of solute descriptors is relatively straightforward. We start with the set of equations that we have constructed for the partition of solutes between water and a given solvent. Table II gives the coefficients in Eq. (1) for the water-solvent partitions we shall consider. The actual numerical values may differ slightly from values reported in earlier publications. Coefficients are periodically revised when additional experimental data become available. Note that many of The other partitions are from water (more correctly water saturated with solvent) to the solvent saturated with water (see text). b Consistent with R 2 in units of 10 −1 -cm 3 -mol −1 . c Coefficient of V x in processes A and coefficient of log L [16] in processes B; units consistent with V x in units of 10 −2 cm 3 -mol −1 .
these are "hypothetical partitions" between pure water and the pure dry solvent; these are shown as "dry" in Table I . Although "hypothetical," these partitions are very useful; as we show later, they can be used to predict solubilities (and activity coefficients) in the pure dry solvent. The partition coefficient of a solid between water and a solvent phase can be obtained from
the molar solubility of the solid in water, C W , and in the solvent, C S , provided that three specific conditions are met. First, the same solid phase must be in equilibrium with the saturated solutions in the organic solvent and in water (i.e., there should be no solvate or hydrate formation). Second, the secondary-medium activity coefficient of the solid in the saturated solutions must be unity (or near unity). This condition generally restricts the method to those solutes that are sparingly soluble in water and nonaqueous solvents. Finally, for solutes that are ionized in aqueous solution, C W must refer to the solubility of the neutral form. We use the solubility of benzil in water, log C W = −4.05 (16) , together with the available solubilities in a variety of nonaqueous organic solvents (13) (14) (15) to deduce log P values for the partition of benzil from water to the solvents (see Table III ). There is also one direct experimental octanol/water value, log P = 3.38, in the MedChem data base. (18) For partition of solutes between the gas phase and solvents, Eq. (2) is used. Solubilities can also be used to calculate log L values, provided that the solid saturated vapor pressure P o vap at 25 • C is available. P o vap can be transformed into the gas-phase concentration, C G , and the gas-water and gas-solvent partitions, L W and L S , can be obtained through Eqs. (4, 5) , respectively
As before, the computational method will be valid if conditions discussed above are met. Aihara (17) reported the vapor pressure of benzil as a function of temperature. Combining the two sets of linear free-energy relations, we have a total of 49 equations for which the partition data and equation coefficients are available. Gas-liquid chromatographic (GLC) retention data exist for benzil on an SPB-5 stationary phase at both 120 • C (log L = 1.672) and 140 • C (log L = 1.272). (19) The chromatographic data provide two additional equations. The characteristic McGowan volume of benzil is 163.74 cm 3 -mol −1 and R 2 is estimated as 14.45 cm 3 
fi H 2 is set equal to zero, as would be the case for a solute that has no hydrogen-bond acidity. The set of 51 equations can be solved to yield the values of the three unknown solute descriptors, … H 2 , fl H 2 , and log L [16] that best reproduce the dependent variables. A preliminary analysis showed that it was possible to reproduce the 49 dependent variables based upon the solubilities with an overall standard deviation of 0.14 log units. By making a very small adjustment to the log C G value, log C G = −8.92, gives exact agreement with the GLC data. We prefer to include the GLC data because this gives a direct connection to the gas-phase log L values. The Abraham general solvation model provides a quantitative connection between solubility in nonaqueous solvents and GLC retention data. There is no other model, to our knowledge, that includes such diverse systems. All log L partitions were recalculated using log C G = −8.92, and the resulting 51 equations were solved to yield the three solute descriptors … H 2 = 1.59, fl H 2 = 0.620, and log L [16] = 7.6112. These numerical results enabled the experimental log P and log L partitions to be backcalculated to within an overall standard deviation of 0.115 log units. The calculated values of log P, log L and log C S are given in Table III . The individual standard deviations are 0.124 and 0.109 for the 25 calculated and observed log P values and 26 calculated and observed log L values, respectively. Statistically there is no difference between the set of 25 log P values and the total set of 51 log P and log L values, thus suggesting that the log C G = −8.92 is a feasible value for benzil. Whether or not the assumed value is in accord with present or future experimental vapor pressures, we can regard our value of log C G simply as a constant that leads to calculations and predictions via Eq. (2).
Readers will note that while we have applied the Abraham general solvation model to a mathematical description of the solubility of benzil in organic solvents, the computational methodology can be applied to drug molecules and other molecules of pharmaceutical interest. The methodology requires experimental solubility data for the drug molecule in water and in about a dozen or so solvents for which equation coefficients are known. The solute descriptors, after they have been calculated, can be used to predict the solute solubility in any of the organic solvents for which equation coefficients are known. The computational process can be reversed. The Abraham general solvation model can also be used to screen experimental data sets for possible outlier data points in need of remeasurement and to estimate a number of physicochemical and biological properties of pharmaceutical importance. For example, outlier data points would be identified by large differences between experimental and calculated values. In the case of benzil we can now estimate the blood-brain distribution, (20, 21) permeation from water through human skin, (22) nasal pungency threshold, (23, 24) eye irritation threshold, (25) aqueous narcosis, (26) and plant cuticle uptake (27) through previously derived correlations. Each estimation requires as input parameters the numerical values of the benzil solute descriptors.
